Summary. Oviduct and uterine cell cultures were prepared from mice at different days of pseudopregnancy and their effects on the development of 1-and 8-cell mouse embryos in co-culture were examined. One-cell mouse embryos in co-culture with oviduct cells from 20 h to 120 h after hCG had a mean (\m=+-\s.e.) cell number of 70\m=.\1\ m=+-\ 3\ m=. \ 6, significantly (P < 0\m=.\001)higher compared with those cultured in Whittingham's T6 medium supplemented with 5% fetal calf serum (T6 + 5% FCS) (30\m=.\4 \m=+-\ 1\m=.\6). Transfer of embryos, at 96 h after hCG, to synchronous pseudopregnant recipients showed that more embryos in oviduct co-culture formed fetuses than those cultured in T6 + 5% FCS. Co-culture of 1-cell embryos with uterine cells did not confer an advantage in cell numbers over T6 + 5% FCS. However, more 8-cell embryos formed blastocyst outgrowths after 100 h in co-culture with uterine cells prepared from mice at Day 3 of pseudopregnancy than with uterine cultures prepared from mice at Day 1 of pseudopregnancy or oviduct cells. In addition, there was further improvement when the Day 3 uterine co-cultures were supplemented with 1 or 10 ng progesterone/ml.
Introduction
Preimplantation development of mouse embryos can take place in vitro in the absence of oviducal factors, many proteins and other substances in simple chemically defined media, but the rate of cleavage and development is significantly delayed when compared to that in vivo (Harlow & Quinn, 1982 ; Sakkas er a/., 1989a).
The culture of embryos in vitro removes the embryo from the maternal environment where it is bathed in an ever-changing milieu of fluid containing a range of proteins and ions specific to the reproductive fluid (Neider & Macon, 1987; Léese, 1988) . Techniques such as the co-culture of embryos with oviduct and uterine cells (Gandolfi & Moor, 1987; Sakkas et ai, 1989a, b; Lavranos & Seamark, 1989; Eyestone & First, 1989) or culture of embryos in oviduct organ expiants (Whittingham, 1968; Minami et ai, 1988; Krisher et ai, 1989) mimic the maternal environment and improve in-vitro embryo development. Co-culture with oviduct cells has allowed sheep, cattle and goat embryos to develop through specific cell cycles which do not occur in chemically defined media (Gandolfi & Moor, 1987; Eyestone & First, 1989; Sakkas et ai, 1989b) . Lavranos & Seamark (1989) addition, we have previously reported that co-culture of 2-cell mouse embryos with a mouse oviducal cell suspension allows embryos to retain cleavage rates and viability comparable to those in vivo (Sakkas et ai, 1989a) .
The present study attempts to mimic the maternal environment of mouse embryos and improve the development of embryos in vitro.
Materials and Methods
Collection ofembryos. Female FI (C57BL/6J CBA/H) mice, 3-4 weeks of age, were injected at 16:00 h with 5 i.u. PMSG (Intervet, Sydney, Australia) . After 48 h mice were injected with 5 i.u. hCG (Intervet) and placed individually with a male of proven fertility. One-cell embryos were recovered 20-22 h after hCG by tearing the wall of the oviducts with fine forceps and allowing the embryos to be dispersed into M2 medium (Quinn el ai, 1982) Development of 1-cell mouse embryos in co-culture. One-cell mouse embryos were randomly allocated to 6 groups (10-20 embryos/group) to be cultured in T6 medium + 5% FCS, CSM or in co-culture with Day-1 oviduct cells (DIOV), Day-3 oviduct cells (D30V), Day-1 uterine cells (D1UT) or Day-3 uterine cells (D3UT) and their cell numbers were assessed. The experimental design is shown in Fig. 1 
(a).
Transfer of1-cell embryos cultured in vitro and grown in vivo to synchronous Day-4 pseudopregnant recipients. Onecell mouse embryos were cultured in T6 medium + 5% FCS or in co-culture with Day-1 oviduct cells. Embryos were removed from culture at 96 h after hCG and transferred to the uterine horns of synchronized Day-4 pseudopregnant recipients (Day 1 = the day of finding a copulatory plug). Control embryos recovered from donors at 96 h after hCG were also transferred at the same times for comparisons of embryo viability in vivo and in vitro. Six embryos of a different treatment were transferred to each uterine horn. The reproductive tracts were examined on Day 15 after mating and the number, normality and weight of fetuses, and number of résorption sites were recorded. Development of1-cell mouse embryos in T6 medium + 5% FCS and in Day-1 oviduct co-culture when transferred to Day-3 uterine co-culture. One-cell mouse embryos were cultured with Day-1 oviduct cells until 76 h after hCG and then transferred to co-culture over Day-3 uterine cells. The experimental design is shown in Fig. 1(b) . This experiment was performed to assess whether mimicking the passsge of the embryo from the oviduct to the uterus, as occurs in vivo, improved cell numbers during prolonged culture. Embryos were examined for cell number at 96 h and 120 h after hCG and compared to those grown in Day-1 oviduct co-culture. A total of 30 embryos were examined at each timepoint.
Experiment 2
Development of 8-cell mouse embryos in co-culture. In this experiment the morphological development of 8-cell mouse embryos cultured with cells of the oviduct or uterus prepared from mice at Day 1 or 3 of pseudopregnancy was examined. The 8-cell mouse embryos were randomly allocated to 6 groups (T6 medium + 5% FCS, CSM or in coculture with cells from the oviduct or uterus of Day-1 or Day-3 pseudopregnant mice) and their morphological development assessed. The experimental design is shown in Fig. 1(c) . Between 100 and 110 embryos were assessed in each treatment group.
Development of 8-cell embryos on Day-3 uterine co-cultures supplemented with oestradiol and progesterone. To examine the effect of supplementing the culture medium with oestradiol-17ß or progesterone, morphological develop¬ ment of 8-cell embryos was assessed in CSM medium alone or in co-culture with Day-3 uterine cells, supplemented with oestradiol-17ß, 1 or 10 ng/ml, or progesterone, 1 or 10 ng/ml. In this experiment the culture medium was not overlaid with oil. (Table 2) . The difference between oviduct co-culture and the other invitro treatments remained at 120 h after hCG ( Table 2) . Comparison of between-day variation in cell numbers of the different treatments was not significant. Transferred embryos. The number of fetuses and their mean weight was significantly better (P < 0001) for embryos transferred to synchronous recipients after development in vivo than embryos cultured in vitro (Table 3) . However, of the in-vitro treatments, the mean number ( 2 = 4-8, < 005) and fetal weights (/ = 502, < 001) of embryos transferred after co-culture with oviduct cells were significantly better than for embryos cultured with T6 + 5% FCS (Table 3) .
Embryos transferred to uterine co-culture. Embryos transferred to Day-3 uterine co-culture at 76 h after hCG from Day-1 oviduct co-culture had amean cell number( + s.e.)of 231 + 0-8at96h after hCG and 65-9 + 30 at 120 h after hCG. There was no significant improvement compared to (Fig. 2) . However, at 144 h after hCG, significantly (P < 001) more embryos cultured in T6 + 5% FCS had hatched from the zona pellucida than in uterine co-culture (Fig. 2) .
At 168 h after hCG significantly more of the embryos were attaching and forming trophoblastic outgrowths in the Day-3 uterine co-cultures than in all other in-vitro culture groups (Fig. 2) Co-culture of 8-cell embryos in the presence of steroids. Supplementation of CSM medium alone with 1 ng oestradiol-17ß/ml significantly improved (P < 005) the hatching of the blastocyst from the zona compared to CSM media with other concentrations of oestradiol-17ß or progesterone. In all other cases addition of steroids to medium had no beneficial effect on blastocyst development (Table 4) . Further improvement was achieved in co-culture of 8-cell embryos with Day-3 uterine cells when progesterone was included in the medium. At 96 h after hCG significantly more embryos had formed expanded blastocysts in co-culture with Day-3 uterine cells with 1 ng ( 2 = 3-80; < 005) or 10 ng ( 2 = 3-90; < 005) progesterone/ml in the medium compared to no steroid supplemen¬ tation (Table 4) . Supplementing the co-culture media with oestradiol-17ß decreased the percentage of embryos forming expanded blastocysts (Table 4) .
The improved rate of attachment observed with Day-3 uterine co-culture was significantly increased when 1 ( 2 = 80; < 0005) or 10 ng progesterone/ml ( 2 = 5-90; < 002) was added to the culture medium (Table 4 ).
Discussion
Development of 1-cell mouse embryos in co-culture with oviduct cells maintained cleavage rates within one cleavage cycle of embryos grown in vivo up to 96 h after hCG. However, embryos cultured in T6 + 5% FCS were retarded by nearly 2 cell cycles compared to in vivo. The benefit observed in embryo cell numbers using oviduct co-culture also compares favourably with that obtained by Papaioannou & Ebert (1986) when 1-cell mouse embryos were transferred to the oviducts of immature mice (33-2 + 2-7) and pseudopregnant females (40-5 + 3-7) for 3 days and compared to embryos developing in vivo (540 ± 3-4).
The importance of maintaining in-vivo cleavage rates was emphasized by the transfer of embryos developing from the 1-cell stage for 74 h in either co-culture with oviduct cells or T6 + 5% FCS. Transfer of embryos to a synchronous environment is a more exacting test on the level of retardation experienced by the embryo in vitro. In the present study more implanting embryos developed to fetuses after co-culture with oviduct cells than in T6 + 5% FCS. A further increase in embryo cell numbers was not obtained in our attempt to mimic the passage of the embryo, by transferring embryos into a uterine co-culture system after co-culture with oviduct cells. This may be due to the majority of embryos being retarded to such an extent that they have lost synchrony with the uterine culture.
In all in-vitro treatments the longest period of delay occurred during the 2-to 4-cell stage at which 12-16 h retardation was evident when compared to that in vivo. Since the inception of mouse embryo culture techniques the 2-cell stage has been shown to be unusually sensitive in vitro. In the mouse the 2-cell stage is particularly important, as embryonic genome activation occurs (Goddard & Pratt, 1983) . Several factors such as the ratio of lactate and pyruvate (Biggers, 1971; Whittingham, 1974) and glucose and glutamine levels (Chatot et ai, 1989) Several studies have shown that proteins present in the oviducal lumen bind to the embryo, but none of these proteins has been linked to a specific functional role for the development of the embryo (Shapiro et ai, 1974; Gaunt, 1985; Leveilleer ai, 1987; Gandolfi et ai, 1989) . In the mouse, Kapur & Johnson (1985 , 1986 (Heyner et ai, 1989 (Gandolfi et ai, 1988 (Kille & Hamner, 1973) and on mouse embryos (Cline et ai, 1977) developing to the blastocyst stage. In contrast, Whittingham (1968) showed that oviduct organ expiants pre¬ pared from metoestrous I mice enhanced embryo development to the blastocyst stage. The lack of difference between oviduct cultures in the present study may be due to the isolation of cells in culture, which removes them from changes in hormone concentrations that they are usually exposed to. The effect of steroids on oviduct co-cultures is currently under investigation.
Unlike oviduct cultures, uterine cultures prepared from Day-1 or -3 pseudopregnant females differed in their ability to support development of 8-cell embryos. The increased rate of attach¬ ment on Day-3 uterine monolayers, compared with Day-1 uterine cells and oviduct cells, may indicate that they are more receptive to the implanting embryo. In addition, the improved rate of development of 8-cell embryos to the expanded blastocyst stage in co-culture with uterine cells indicates that uterine cells may produce specific factors that stimulate embryo development after compaction. Fischer (1987) has shown that supplementation with uterine flushings of culture medium significantly promoted cell proliferation of rabbit blastocysts as measured by
[3H]thymidine incorporation.
Co-culture of compacting embryos with uterine cells was improved when progesterone was added to the medium. These results are in agreement with those of Lavranos & Seamark (1989) . The effect of oestradiol and progesterone on preimplantation mouse embryos cultured in medium alone has been studied by several workers, but their findings are contradictory (Whitten, 1957; Kirkpatrick, 1971) . Roblero & Izquierdo (1976) found no effect of progesterone on preimplan¬ tation mouse embryos when added to the embryo culture medium alone. However, when progester¬ one was added to BMOC-2 medium supplemented with 15% serum, embryo cleavage rates were enhanced, implying the presence of a progesterone carrier in the serum (Roblero & Izquierdo, 
